A pulse-width-modulated SVC [1]- [5] , in which the dc voltage is controlled to remain at a constant value, can respond rapidly to a change in reactive power at the expense of increasing the switching and snubbing losses. High efficiency and high reliability are a priority in practical power system applications of the S V C ' s .
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Publisher Item Identifier S 0093-9994(96) 04152-7. power. Some papers and articles dealing with the dc voltagecontrolled SVC have been published, but they have excluded analysis of the transient response of reactive power and have assumed a constant dc bus voltage. Based on this, they have provided the following interpretations:
The smaller the capacitance, the faster the response of
The larger the capacitance, the smaller the voltage BucIn this paper, an analysis of the dc voltage-controlled SVC consisting of quad-series voltage-source non-PWM inverters is presented, and includes the transient response of reactive power along with the design of the dc capacitor. A model for the SVC based on the p q theory [I] is developed, and has the ability to deal with the power flow between the ac and dc sides in a transient state. This analysis leads to the following results which cannot be explained by the conventional interpretations mentioned above:
The capacitance value of the dc capacitor has almost no
The dc voltage fluctuation is not in inverse proportion to
The SVC falls into resonance between the dc capacitor Some experimental results obtained from a 10 kVA laboratory system agree well with the analytical results. Moreover, it is shown by experiment and analysis that a feedback control loop of instantaneous reactive power makes it possible to achieve a 5-ms step response time of reactive power.
reactive power.
tuation across the dc capacitor.
effect on the transient response of reactive power.
the capacitance value. and the ac reactors at a specified frequency. Fig. 1 shows the system configuration of a 10 kVA static var compensator consisting of quad-series voltage-source inverters. The circuit parameters are shown in Table I . Each three-phase inverter is characterized by an ac line-to-line voltage having a six-step waveform. The dc links of the four voltage-source inverters are connected in parallel with a common dc capacitor of 500 pF. The ac terminals of the inverters are connected to the supply via four three-phase transformers, the detailed configuration of which is shown in Fig. 2 and has A-connected three-phase windings in the secondary. The primary to secondary voltage ratio for each transformer is 1 : 3. In Fig. 1 
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where m is the number of the series connected inverters, and n is the primary-to-secondary voltage ratio for each transformer. Since m = 4 and n = 1/3 in the experimental system, the 
B. Unit Capacitance Constant
A unified constant is introduced to lead to the design of the capacitance of a dc capacitor in an SVC consisting of voltagesource inverters. It is named the "unit capacitance constant (UCC)" in this paper, associated with the unit inertia constant in synchronous rotary condensers. In the experimental system, it is given by 1 ucc = -CV;/Q 2 = 1.3 x 10-3[J/VA] where C = 500 pF, Vc = 230 V and Q = 10 kVA. Here, 4 is the phase angle of V with respect to V . , and r is a supply current phaser. In Fig. 4 (a), r is in phase with V , , so that a small amount of active power flows into the SVC, thus the dc capacitor is charged. In the case where V leads V , , as shown in Fig. 4 (b), a small amount of active power flows out, thus the dc capacitor is discharged. Accordingly, a large amount of reactive power drawn by the SVC can be controlled by adjusting the phase angle 4 by a small amount.
C. Basic Principle in Steady State
TRANSIENT ANALYSIS FOR svc
A. Modeling of SVC made in modeling the SVC:
For the sake of simplicity, the following assumptions are 1) Any harmonic voltage caused by the switching operation of the inverters is excluded from the synthesized ac voltage of the SVC. 2) The instantaneous amplitude of the fundamental component of the ac voltage is proportional to the instantaneous voltage of the dc capacitor.
3) No power loss occurs in the inverters; therefore the active power on the ac side is equal to the active power on the dc side. Assumptions 1 and 2 mean that the harmonic voltage caused by fluctuation of the dc voltage is included in the synthesized ac voltage.
Assume an ideal three-phase power supply given by cos wot 'usw where VS is the rms voltage of the supply and W O is its angular frequency. Assumptions 1 and 2 lead to the following ac voltage of the SVC:
where q5 is the angle of the fundamental ac voltage with respect to the supply voltage, and K is the ac to dc voltage ratio of the SVC. Using Fig. 3 , one obtains the following equation:
Invoking Assumption 3 results in the following equation for active power:
The p q theory [ l ] can be used to transform ( 2 )~( 5 ) to
B. Transient Response of Reactive Power
The transient response of instantaneous reactive power qs to a step change in the phase angle 4 is discussed. It is, however, difficult to derive a general solution to an arbitrary change in 4 because the nonlinear functions, i.e., s i n 4 and c o s 4 are included in (6) and (7). In general, nonlinear equations can be linearized by limiting attention to small perturbations around a reference state.
The following analysis assumes a step change in q5 from 0 to @ (i.e., q5(t) = @ . u ( t ) , where u ( t ) is a unit step function).
This allows us to deal with the nonlinear functions as constant values which equal sin @ and cos @, respectively, when t 2 0.
Note that a small signal perturbation model is not introduced into the linearization developed in this paper. As a result, this analysis is applicable for a large step change in 4. (10) Taking into account the initial value of W C , one obtains the Laplace transformation of (7) as follows:
The Laplace function for the reactive power, I,(s) is obtained from (9), (lo), and (ll), as follows:
The following approximation appropriate for the SVC is applied to (12):
This allows us to derive the following basic equation: Equation ( 5 ) can be revresented as a function of i, and i n as
follows.
I q ( s )
In (6) and (7), i , is an instantaneous active current and i, is an instantaneous reactive current. The instantaneous reactive power drawn from the supply, 9s is given by where Relationships between the capacitance value of the dc capacitance
The first and second terms on the right side in (13) are the dominant response of reactive power, while the third term means that an oscillatory component exists. The time constant of the transient response of reactive power, T is equal to the time constant determined by L and R as depicted in Fig. 3 and is given as follows
Note that the capacitance of the dc capacitor, C is excluded from (14). This means that the amount of active power flowing into the SVC is proportional to C while the dc bus voltage is rising. The simulated results concur with the theoretical results. The theoretical response time shown by the solid lines tends to a small increase as the capacitance of the dc capacitor C is increased. However, the difference in results between the theory and approximation is not so large in the range of capacitances used in the experiment (i.e., C < 1000 pF).
The approximation is applicable for typical practical systems having a per unit reactance around 15% because the difference becomes small as the equivalent inductance L becomes small.
C. Resonance Between AC Reactors and DC Capacitor
As mentioned above, the third term in (13) is an oscillatory component. In other words, the dc voltage-controlled SVC may exhibit a resonance interaction between the ac reactors and the dc capacitor at a specific frequency. If a harmonic voltage, the frequency of which coincides with such a resonant frequency, were included in the supply, a large amount of harmonic current would flow into the SVC, and an excessive voltage fluctuation would then occur across the dc capacitor.
Assuming a resistance of R = 0 in (12), the resonant angular frequency is given by Since W R is the angular frequency on the p q coordinate reference frame or on the dc side of the SVC, the resonance occurs at WO f W R on the ac side of the SVC.
To calculate the fluctuation of the dc voltage and the active power caused by the harmonic voltage in the supply, (6) The third harmonics on the ac side of the SVC make the dc voltage fluctuate at twice the supply frequency. In Fig. 6 , the maximum voltage fluctuation, which is 4 V (2% of the dc voltage), appears if C = 900 pF because the resonant frequency W R for that value of capacitance is equal to twice the supply frequency. At the point of resonance, the amplitude of the harmonic current in i, reaches 3.5 A, which is 10% of the rated current of the SVC. This resonance could be a serious problem in a practical system, because the equivalent resistance R in a practical system may be smaller than that of the experimental system. The above analytical results do not agree with predictions in a conventional interpretation. The reason is a conflict between the assumption of dc voltage fluctuation and the calculation of the harmonic current in the supply. That is, the supply harmonic current was calculated under the assumption that no The counter produces the phase information, wet, from a signal generated by a phase locked loop (PLL) circuit, the frequency of which is 49152 (= 24 x 211) times the supply. The phase comparator compares with wot, and determines the time at which the corresponding switching device is turned on or off. The gate control circuit prevents each switching device from being switched on more than once in one cycle due to fast changes in 4. 
V. EXPERIMENTAL RESULTS
Figs. 9-12 show simulated and experimental waveforms for a step change of 4 from 0 to -0.08 rad. The line-to-line voltage of the SVC, vu, has a 24-step wave shape, so that the supply current i, is almost sinusoidal. Before 4 is changed, i, and qs are equal to zero and the dc link voltage vc is 190 V. At the instance of the step change, IJC and qs begin to increase, and finally reach 230 V and 10 kvar, respectively, in 50 ms. The time constant of the transient response in Fig. 10 is almost equal to that in Fig. 12 , which is 11 ms, irrespective of the capacity of @. From (14), the theoretical time constant is given by Fig. 12 is larger than that in Fig. 10 , even if the capacity of C in Fig. 12 is twice the value of C as indicated in Fig. 10 . This is due to the resonance between the dc capacitor and the ac reactors (i.e., the resonant frequency in Fig. 12 is twice the supply frequency of 60 Hz). This shows that the reduction of the dc voltage fluctuation can be achieved, not by increasing the capacity of the dc capacitor, but by avoiding the resonance condition.
Figs. 13-16 show experimental waveforms for a step change of the reference reactive power from 0 to 10 kvar, where a reactive power feedback loop, having a feedback gain of 
VI. EFFECT OF DC VOLTAGE-REGULATING CONTROL
The effect of the dc voltage-regulating control is discussed as follows. Figs. 17 and 18 show block diagrams of the SVC, without (Fig. 17) and with ( Fig. 18 ) a dc voltage-regulating control loop with a proportional gain Kp, respectively. In 
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the dc voltage appears in Figs. 19 and 20, compared with Fig. 13 . The dc voltage-regulating control loop has no effect on improving the stability of the dc voltage.
As is well-known, the addition of a current minor loop inside a speed major loop in an adjustable speed drive makes a great contribution to improving torque stability [9] . The reason is that the response time of the minor loop is 5-10 times faster than that of the major loop. However, the dc voltage-controlled SVC has the same response time with respect to i,, i, and vc because (12), (17), and (18) have the same characteristic equation. Thus, the dc voltage minor loop in Fig. 18 does not improve any dc voltage stability.
VII. CONCLUSION
In this paper, the transient analysis of the dc voltagecontrolled SVC consisting of quad-series voltage-source non-PWM inverters has been explained in detail. A p q theory-based model for the SVC has been developed to explore the transient behavior caused by changes in power flow between the ac and dc sides. The experimental results obtained from the laboratory system show concurrence with the analytical ones.
The theoretical analysis explored in this paper has clarified the following:
The time constant of the transient response of reactive power is determined by the equivalent inductance and resistance rather than the capacitance value of the dc capacitor.
The SVC may exhibit a resonance interaction between the dc capacitor and the ac reactors at a specific frequency. For the above reasons, the dc capacitor should be designed to avoid the resonance condition rather than to improve the transient response.
Moreover, the feedback control of instantaneous reactive power has made it possible to achieve a response time of 5 ms, which is fast enough to be used in practical applications. The authors believe that the dc voltage-controlled SVC is more suitable for compensating reactive power and/or stabilizing power systems than the pulse-width-modulated SVC.
APPENDIX TRANSIENT RESPONSE WITHOUT APPROXIMATION
The approximation in (13) can be applied to most typical systems, but not to an SVC which is equipped with a very large capacitor on the dc side. Assuming that -a is a real root of the characteristic equation, (12) 
